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Abstract
In rural sub-Saharan Africa, the global poverty hotspot, smallholder farmers 
account for 80% of agricultural production, with 90% of cropland being 
exclusively rainfed. A key obstacle to rural development and poverty 
elimination is the lack of electricity access: less than one in three dwellers 
have electricity at home. The main barrier to rural electrification is the capital-
intensiveness of energy supply infrastructure among sparse communities 
with low demand density and insecurity of payment. While public 
governments have largely been unable to channel the required resources, 
private players are often unwilling to pursue risky and unprofitable 
household electrification programs. In this context, this perspective argues 
that the paradigm of rural electrification should be centred around an 
integrated approach aiming at increasing agricultural productivity and 
profitability. These bear the necessary potential to enable local income 
generation and thus also provide an incentive for private energy investment, 
including in the residential sector. A framework for the integrated approach 
is proposed and the crucial synergetic role of data modelling and business 
and policy research to pursue this paradigm is discussed. 
Keywords: energy access; rural development; water-energy-food-
economy nexus; private investment; sustainable business models
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1. Introduction
In sub-Saharan Africa (SSA) 80% of agricultural production comes from 
smallholder farmers [1]. Extensive rain-fed agriculture accounts for more than 90% 
of agricultural land [2]. Unpredictable and erratic rainfall patterns are therefore a 
leading cause of low agricultural productivity [3–5]. The low degree of 
mechanisation in the sector has been further exacerbating this condition [6], which 
results in cyclical famines, persistent poverty traps, and limited local development 
opportunities [7].
The precarious situation of the African agriculture system is even more pressing if 
considered against the backdrop of other important trends and development gaps 
in rural areas of the region, summarised in Figure 1.  The numbers, presented both 
in absolute and normalised terms (i.e., divided by their level in the baseline year 
2000), show: (i) the increasing demographic pressure, with the rural population 
having grown from 450 to over 650 million over the last 20 years [8]; (ii) the large 
electricity access gap, with the rural electrification level at about 30% irrespective 
of recent progress [9–11]; (iii) the relevance of agricultural land use: >40% of the 
land in the region is devoted to agriculture, with the figure still growing [12]; (iv) the 
increasing water stress, with per-capita freshwater resources having declined by 
about 40% in less than 20 years [13]; and (v) the fact that more than one in six 
sub-Saharan Africans living without sufficient nourishment [12], with the indicator 
having stagnated over the last years. 
To tackle these and other poverty and development gaps in rural SSA, there is 
urgent need for an agricultural transformation [14] to ensure more stable yields and 
increased agricultural profitability for the millions of rural dwellers living in poverty 
who practice subsistence agriculture and are subject to food insecurity [15,16]. 
Electricity is a crucial input required to initiate this transition  [14,17] because it 
enables artificial irrigation through water pumping  – which can ensure that crops’ 
evapotranspiration needs are met [18] – and mechanical crop processing, which 
can add significant economic value to the local yield [19] and thus increase 
farmers’ income [17,20]. Banerjee et al. estimate that by 2030 electricity demand 
from agriculture for both irrigation and milling in SSA could double from current 
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levels if rainfed areas with economic potential would be equipped for irrigation, 
reaching about 9 GW [20]. 
Figure 1: Evolution of selected water-energy-agriculture-economy indicators in sub-
Saharan Africa. (A) Absolute values; (B) Normalised indicators (year 2000 = 1). 
The normalised indicators are interpreted e.g., as a doubling of the indicator 
initial value if the variable takes value 2, or as a halving of the initial value if the 
variable takes value –1.  Data sources: [12,21].
However, bringing electricity to sparsely populated, poor rural areas has so far 
proved challenging [22,23].  The key barrier to household electrification programs 
is the low profitability and risky nature of rural electrification investment for private 
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investors [24,25]. While governments simply lack the means to expand the national 
grid into remote communities with low energy demand density, private players 
have been struggling to find the economic incentive to develop decentralised 
electricity generation and distribution investments [26–28]. Electrification programs 
(and energy access development indicators such as SDG 7) have mostly been 
prioritising the residential sector, an approach which has nevertheless struggled to 
prove financially sustainable. 
Only recently have some governments devoted specific attention to opportunities 
for electrification in agriculture. A relevant example is the “Access to Distributed 
Electricity and Lighting in Ethiopia” (ADELE) project [29], which was funded by the 
World Bank in 2021. The project also has a strong focus on closing the gender gap 
in the energy sector and increasing the percentage of women participating in the 
mini-grid sector and off-grid technology value chain. Another recent large-scale 
program in this direction is the Yeleen Rural Electrification Project in Burkina Faso 
[30], approved by the Green Climate fund in 2018 and devoting specific focus to 
productive users in rural areas. Within the scope of this project, micro-finance 
institutions are encouraged to provide loans to productive users in the areas where 
solar mini-grids will be installed. 
In this context, this perspective argues that the rural electrification paradigm should 
be centred around an integrated approach aiming at increasing agricultural 
productivity and profitability, rather than directly targeting residential electrification. 
Agricultural transformation bears significant potential both to enable local income 
generation and provide the necessary incentive and guarantees for private 
investment in energy access, including in the residential sector [31]. The idea of 
an integrated energy-agriculture-economy approach to rural development has 
been gaining significant momentum in recent years, along with the role of anchor 
customers in energy access investments [22,32]. Within the scope of this paper, 
rural development is defined as a strategy designed to improve the economic and 
social life of the rural poor [33]. Such strategy relies on the installation of 
infrastructure and the creation of local knowledge that can promote an 
economically and environmentally sustainable improvement of development 
indicators.
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Several studies have proposed the adoption of new paradigms focused on 
agricultural transformation through the input of energy and water technologies to 
initiate rural development. For instance, Shirley [34] explores the interactions 
between agriculture, energy, economy, trade, climate resilience, and livelihoods 
across sub-Saharan Africa, describing the opportunities for an intersectional 
approach to interventions at the food-energy nexus. In addition, Shirley [35] 
develops recommendations to support smallholder access to value-addition supply 
chains in Africa proposing reforms of smallholder farmer cooperatives to ensure 
increased bargaining power, encouraging a rapid and targeted deployment of mini-
grids in village communities engaged in staple and cash crop farming, and 
fostering the creation of incentives to increase access to micro- and commercial 
finance for farmers and cooperatives. Xie et al. [36] develop a joint irrigation-energy 
planning framework to estimate how much of the potential irrigated area could be 
powered with standalone solar photovoltaic (PV) energy. Banerjee et al. [20] 
highlight that the agribusiness sector requires electricity to grow to its potential, 
while the expansion of rural energy services needs consumers with consistent 
power needs to serve as a reliable revenue source, potentially generating  a 
potential double dividend. Finally, Lefore et al. [37] introduce a framework to inform 
sustainable and inclusive solar irrigation, emphasizing the need for an 
understanding of how solar irrigation can be scaled to be both accessible for 
smallholder farmers and environmentally sustainable.
Yet, a contribution ‘putting the pieces together’, i.e., providing an integrated 
framework linking electricity access investment and rural development with specific 
attention to the crucial synergetic role of data and modelling and innovative 
business and policy models research has so far been missing. Moreover, a focus 
on both sides of the feedback loop, namely (i) energy as an enabler of agricultural 
productivity and profitability growth, and (ii) agriculture as a channel to ensure the 
financial sustainability of energy access investments, is pivotal. 
2. Overlapping agriculture-energy-economy gaps: time for an 
integrated approach
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A crucial aspect relative to the water-energy-economy gaps in SSA is their degree of 
geographical overlap. As seen from Figure 2, areas characterised by a high density of 
rainfed cropland, electricity access deficit and low relative (i.e., with respect to the 
national level) wealth tend to coincide. The plotted data are derived from [38] for the 
distribution of rainfed cropland, [10] for the electricity access deficit and [39] for non-
conventional spatially-explicit estimates of wealth, all representing recent databases 
created with the support of satellite imagery that allow for a timely understanding of 
development gaps and structural change dynamics over space.
Figure 2: High-resolution data of (A) rainfed portion of cropland; (B) density of 
population without electricity access; (C) areas with low relative wealth index. 
Countries filled in grey identify countries with missing data or outside SSA.
It is relevant to highlight that across large areas e.g., West Africa (and most 
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notably Nigeria), Ethiopia, riparian countries of Lake Victoria, Tanzania, 
Mozambique, Zimbabwe, and Madagascar a large overlap of rainfed cropland, 
electricity access deficit, and economic deprivation is observed. These maps 
have the benefit of providing a first-order sense of the interconnectedness of the 
agriculture-energy-economic deprivation. Given the concomitant and overlapping 
nature of the poverty, energy access, agricultural profitability, food security, and 
overall rural development challenges, an integrated approach is thus necessary 
to elaborate sustainable solutions. On the other hand, it must be remarked that 
the energy-agriculture-development nexus is a highly complex one, and thus that 
this geographic correlation does not automatically ensure linear dynamics of 
causality until further investigation [40]. 
In this context, Figure 3 proposes a framework to leverage the geographical 
overlap of agriculture-energy-economy gaps and enable rural development. The 
framework was developed building on recent literature contributions that connect 
techno-economic and financial considerations to the challenge of rural energy 
access infrastructure investment [31,41]. 
Figure 3: Framework of the proposed energy access, agricultural profitability, and 
rural development integrated approach
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The flowchart shows the mechanism behind the argument that the rural 
electrification paradigm should be centred around an integrated approach aiming 
at increasing agricultural productivity and profitability, rather than on the 
conventional “household electrification first” paradigm. Increasing farmers’ income 
locally bears in fact significant potential both to enable rural development and to 
provide the necessary incentive and guarantees for private investment in energy 
access, including in the less profitable sectors such as the residential and 
educational ones.
The proposed mechanism builds on the following: the provision of electricity 
through decentralised systems such as standalone photovoltaic (PV) systems 
(with or without storage) or RE-based (such as biomass, PV, wind, or hydro-
powered) mini-grids can enable on-demand surface water or groundwater 
pumping [42] to access sources of blue water when green water (i.e. rain) is 
insufficient and crops would undergo water stress. Crop stress results in fact in 
reduced yield and lower product quality. This is even more relevant under the 
expected negative impacts of climate change on crop yields [43,44]. In particular, 
sustainable irrigation expansion is an important adaptation strategy to climate 
change and can make crop production more resilient while increasing crop yields. 
Recent work has assessed the potential for sustainable irrigation expansion over 
croplands facing ‘agricultural economic water scarcity’ [45,46], or croplands where 
water is available for irrigation in rivers and lakes but irrigation is not in place for 
socio-economic barriers. This research showed that sub-Saharan Africa is the 
region with the greatest potential for irrigation expansion under current and warmer 
climate conditions [47].
In parallel, post-harvesting crop processing activities such as milling a could (at 
least in part) be carried out in proximity of the farming site (e.g., by local 
smallholder consortia that co-own mechanical processing machinery) to retain a 
greater share of the value of the final retail price. In fact, beyond meeting 
subsistence needs, smallholder farmers usually sell their crops raw at wholesale 
markets at low prices [1], where large (often international) corporation purchase 
them in bulk and sell the processed products at significantly higher prices. 
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As a result of both the larger and more stable crop yields thanks to artificial 
irrigation and of the increased per-unit profitability thanks to the local processing, 
several positive outcomes could materialize. These include a considerable push to 
most development indicators, and chiefly a lower risk of food insecurity, but also 
an increased income generation potential. While substantial uncertainty persists 
over the welfare impacts of electrification [48], there is evidence of the positive 
effect of electricity provision on time spent by household members in income-
generating activities [49–52]. Provided a set of conditions is satisfied, this can 
provide the spark for infrastructure investment and technological change that in 
the long-run might onset structural change dynamics [40], such as the rise of the 
secondary and tertiary sectors among communities currently dependent solely on 
the agricultural sector as their income source [53]. Gender  and education 
(including capacity building) play an important role in this nexus, both as drivers of 
the transition and as potential areas of positive impact [54]. Finally, a co-benefit of 
increased agricultural profitability is that smallholder farmers could become less 
sensible to increasing pressure for large scale land acquisition driven by large 
private groups, which are surging in SSA [55] and have potentially detrimental 
effects for food security [56].  
In turn, a more profitable agricultural sector thanks to the input of electric energy 
can provide the sufficient incentive and security of payment from electricity 
beneficiaries to private energy access system developers [31]. The realization of 
this positive feedback loop is however subject to specific business, technology and 
policy conditions [57]. In our opinion, the keyword is conditionality, namely the 
development of business models that are based on the installation of electricity 
supply systems conditional on local farmers using (at least part of) this energy for 
well-defined agricultural purposes. Namely, contracts should be designed aligning 
instalment payments with crop yield seasons, while also providing insurance 
mechanisms against adverse events, such as floods or pests [58]. These issues 
are discussed in greater detail in Section 4.
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3. Data and modelling: current status and future opportunities
Data-driven modelling studies bear a crucial role in providing public and private 
decision makers with the sufficient information and confidence in pursuing new, 
energy-driven rural development paradigms, policies, and business models.
Relevant examples include the creation and analysis of recent, high-resolution 
data on current cropping (the extent of cultivated land by crop type, irrigation 
technology, additional inputs such as fertilizers, and farming practices, as well as 
of yield levels and the yield gap) [59]. In parallel, an assessment of potential shifts 
in cropping patterns would be highly relevant for agrarian decision-makers: for 
instance, to identify strategies to maximise local crop profitability for farmers while 
guaranteeing that universal food security objectives are in reach and the “food vs. 
income" trade-off is minimized [60]. 
Another very important aspect to be investigated concerns the identification of 
sustainability boundaries in the context of agricultural transformation. This includes 
ensuring that environmental flows are preserved at sustainable levels when 
planning new irrigation schemes [61], such as groundwater withdrawals during the 
growing season, and that land is not overused, both at the intensive and the 
extensive margin.  
Increasing productivity through irrigation presents own problems and potential 
solutions, which are suitable to be analysed in data-driven contexts [18] by 
agricultural and environmental scientists. Context-specific infrastructure, e.g., the 
choice of the optimal irrigation system, need to be carefully addressed before 
promoting large-scale policies aimed at fostering the agricultural sector [62].
The question of what electricity generation and distribution solutions are more 
suitable at each settlement and the surrounding agricultural land in another crucial 
one. While important work has been already carried out for the residential sector 
[63,64], there is an important literature gap when it comes to evaluating the 
relevance of the agricultural sector demand in determining optimal system design, 
investment requirements, and financing schemes [36,65]. The open questions 
relate both to the trade-off between the expansion of the national grid and the 
development of decentralised solutions [66] and – in the latter case – the choice of 
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the most suitable scale (from solar pumps to mini-grids) and generation and 
storage systems. 
Energy supply investment requirements and costs is directly linked with the need 
to estimate the potential local gains from increased agricultural productivity and 
mechanisation, namely evaluating if and where an agriculture transformation could 
really turn out to be profitable in the longer-run for both the local community and 
for project developers [65]. Recently, commercial research initiatives have turned 
their attention exactly in this direction (e.g., villagedata.io), but we argue that there 
is the need for more openly accessible research in this sense.
An even more daunting question, calling for complex system analysts and 
scientists, concerns the identification of the turning points to onset structural 
change in rural areas, namely the agricultural, socio-economic, and environmental 
thresholds that need to be achieved to ensure that structural economic change 
occurs in rural areas [40]. This encompasses the creation of secondary and tertiary 
sectors economic activities, the creation of new and more qualified employment, 
and ultimately a new socio-economic structure that can ensure the needs of the 
community and guarantee sustainable economic growth. 
4. Business model and policy implications
While data-driven research is crucial, investigation into business and policy 
solutions to operationalise the findings on scientific research is equally important 
in the context of unleashing energy access investment targeted at rural 
development. Among the main barriers faced by providers of decentralised 
electricity generation and distribution systems in rural areas, there lie in fact issues 
of both collective nature, such as economic sustainability under a low demand (and 
thus limited profit potential) and free riding, and challenges related to the regularity 
of payments from individual private investors, e.g. households and small-scale 
activities [22,67–69].
Very high discount rates from local electricity supply systems developers are the 
consequence of the large degree of risk incurred from the demand-side and from 
poor sectoral regulation and policy uncertainty [24]. High discount rates create a 
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negative feedback loop, as they raise the cost of capital and therefore discourage 
individual households and activities themselves to make upfront payments for 
infrastructure or create substantial struggle to pay regular instalments. These 
issues are responsible for a large part of the obstacles encountered by the 
standalone energy access sector over the last decades [67].
While new business models, such as 'pay as you go’, are aimed at mitigating this 
type of issues [70], to ensure profitability of the sector in rural areas and thus mass 
uptake of decentralised solutions business solutions must be able to explicitly 
consider the energy-development-agriculture nexus that is found in rural areas (i.e. 
where standalone solutions bear the greatest potential according to techno-
economic electrification modelling studies). Recent studies have explored this 
business model paradigm shift. For instance, Kyriakarakos et al. [31] show how a 
community of households owning agricultural land or working in the fields could 
meet the high cost of rural electrification through the increased value of locally 
produced products thanks to energy-enabled artificial irrigation and crop 
processing, and thus cross-subsidize the cost of household electrification. 
On an ethical level universal access to modern energy should be considered a 
fundamental right [71,72]. Nonetheless, in rural communities living in energy 
poverty and without near-term possibility of being reached by the state-owned 
central grid, it is crucial to identify agrobusiness-centred models that are able to 
ensure profitability and risk reduction for profit-seeking private providers of 
decentralised energy access solutions. Namely, business models that aim at 
lowering discount rates and provide advantageous pricing schemes conditional on 
the purchaser (i.e., smallholder farmer and/or small-scale commercial activities) 
committing to using part of this energy for income-generating activities, i.e., not 
limiting use to household basic needs.
While potentially a broad range of income-generating energy uses fall under this 
umbrella, including non-agricultural activities e.g., handcrafting, barber shops, 
welding, online jobs, we argue that the focal point should build on agricultural 
activities, also due to the spatial overlaps highlighted in Figure 2. Business models 
inclusive of conditionality of supply based on energy use for increasing cropland 
productivity through water pumping for irrigation and crop processing for increasing 
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the added value and thus the revenue of the yield can act as a trigger to climb the 
energy ladder in other sectors and with higher consumption levels as income grows 
and more appliances are purchased [73]. 
A complementary key condition is ensuring that decentralized energy access 
solutions are purchased and installed in combination with appliances that enable 
those income-generating energy uses [74]. It is in this sense that developers 
should sell bundles including e.g., a solar home system and an appliance with 
productive use potential such as a water pump and the required pipes equipment.
Along with the private players, the policymakers have an important role to play in 
enabling this type of business models. On the one hand, effective regulatory reform 
is required in contexts where structural institutional, political and financial risks 
discourage private and foreign investment [24,75]. On the other hand, insurance 
instruments should be offered to farmers investing in productive energy access 
systems so that they can hedge against environmental (e.g., floods, pests, insects) 
and economic (e.g., international price volatility) shocks. In other word, public 
policymakers seeking to achieve rural development and achieving universal 
household electrification should pursue an integrated energy-agriculture policy that 
can unleash the strong interdependencies between energy access investment, 
agricultural profitability, and rural development.
5. Conclusions
This perspective article argues that it is urgent to concentrate efforts toward the 
realisation of an integrated approach to energy access investment, agricultural 
productivity, and rural development. Not only is energy required for boosting 
agricultural productivity and enable structural change in the labour sector and in 
socio-economic outcomes among rural poor communities, but also a source of 
regular and growing income like the energy-boosted agricultural output is required 
to attract private providers of energy access solutions and allow them designing 
financially sustainable business models. 
In this context, an integrated effort between nexus modelling research and 
business model experts is required.  Modelling research helps the development of 
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decision support tools that facilitate and streamline some of the costliest processes 
in the implementation of energy access business models: the process of site 
selection and technology evaluation. The modelling must be able to adapt to the 
local contexts and leverage on the growing availability of high spatio-temporal 
resolution data. The modelling work should however be complemented by 
research into the local market and sector conditions to ensure local relevance, i.e., 
through focus groups, interviews, rural communities assessments, policy 
structures evaluation, and by assembling and collating data and eventually testing 
solutions. This is crucial for the macro, national government-level regulatory 
perspective, via the energy access funding and investment landscape to the very 
micro validation of community-level business models. 
The research agenda should thus focus on providing a replicable and scalable 
modelling infrastructure and business approach which will exert a tangible impact 
on the livelihoods of farmers and their broader communities across Africa.
This perspective article has sought to connect the dots between energy access 
investment, agricultural profitability, and rural development by examining crucial 
water-energy-food-development nexus indicators and proposing an integrated 
approach. Yet, it must be remarked that causality is not immediate among the 
issues investigated, as complex dynamics dominate those interactions [40]. 
Rigorous ex-post evaluations are crucial to quantify the strength and direction of 
such interactions in different contexts. 
As a final remark, it should be noted that this article is not intended to discourage 
household electrification, which remains a crucial target and a necessary condition 
for enabling energy services such as lighting, refrigeration, and air circulation and 
cooling [76]. On the contrary, the discussed paradigm is relevant in the widespread 
context of lack of financial capacity from public electrification infrastructure 
developers and lack of incentive for private energy access system providers to 
directly target rural households. 
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